Cationic arene ruthenium metalla-prisms of the general formula 6 (3-tpt) 2 -(OO∩OO) 3 ] 6þ (3-tpt = 2,4,6-tris(3-pyridyl)-1,3,5-triazine; OO∩OO = 5, , which are isolated as their trifluoromethanesulfonate salts. In the case of the metalla-prism connected by the 5,8-dioxido-1,4-naphthoquinonato bridging ligands, the NMR spectrum reveals two isomers, 1a and 1b, the formation of which can be rationalized by means of multiple NMR experiments (one-dimensional, two-dimensional, ROESY, and DOSY). The empty and filled metalla-prisms, [ , all observations being consistent with the portal size of the cages.
6þ
or 6,11-dioxido-5,12-naphthacenedionato [2] 6þ ) have been obtained from the corresponding dinuclear arene ruthenium complexes [Ru 2 (pcymene) 2 (OO∩OO)Cl 2 ] by reaction with 3-tpt, silver trifluoromethanesulfonate in the presence of an aromatic molecule (1,3,5-tribro-mobenzene, phenanthrene, pyrene, or triphenylene) that acts as a template. While the large template molecule triphenylene is permanently encapsulated in the metalla-prisms to give the complexes [triphenylene⊂1] 6þ and [triphenylene⊂2] 6þ , 1,3,5-tribromobenzene can be removed in toluene, thus leaving the empty cages [1] 6þ and [2] 6þ , which are isolated as their trifluoromethanesulfonate salts. In the case of the metalla-prism connected by the 5,8-dioxido-1,4-naphthoquinonato bridging ligands, the NMR spectrum reveals two isomers, 1a and 1b, the formation of which can be rationalized by means of multiple NMR experiments (one-dimensional, two-dimensional, ROESY, and DOSY). The empty and filled metalla-prisms, [ ,have been characterized by NMR, UV-vis, and IR spectroscopy. The slow exchange processes of a guest molecule moving in and out of the cavity of cages [1] 6þ and [2] 6þ have been studied in solution with phenanthrene and pyrene. One-dimensional exchange spectroscopic (1D EXSY) measurements show that [phenanthrene⊂1] 6þ is in a faster exchange regime than [phenanthrene⊂2] 6þ and that phenanthrene is more easily exchanged than pyrene in cages [1] 6þ and [2] 6þ , all observations being consistent with the portal size of the cages.
Introduction
Well-defined supramolecular metalla-assemblies using 2,4,6-tris(4-pyridyl)triazine (4-tpt) ligands are quite common: The extended and potentially planar tetra-aryl ring system with multiple coordinating groups at the periphery has been judiciously exploited to afford a wide variety of supramolecular assemblies with different metal centers. 1 On the other hand, metalla-assemblies incorporating the isomeric (3-pyridyl)triazine derivative, 2,4,6-tris(3-pyridyl)-triazine (3-tpt), are rare.
Bowl-shaped hexanuclear Pd or Pt coordination cages, [M 6 (en) 6 (3-tpt) 4 ] 12þ (en = ethylenediamine), able to encapsulate guest molecules have been described by Fujita 2 ( Figure 1A ). The trinuclear rhenium tricarbonyl diimine *To whom correspondence should be addressed. E-mail: bruno. therrien@unine.ch.
(1) Published in Organometallics 30, issue 5, pp. 942-951, 2011 , which should be used for any reference to this work complex, [{Re(CO) 3 (dmbpy)} 3 (3-tpt)] 3þ (dmbpy = 4,4 0 -dimethyl-2,2 0 -bipyridine), which has a π-acidic cavity, showed good sensing affinity for F -anions ( Figure 1B ). 3 Recently, we prepared hexanuclear arene ruthenium prisms, [Ru 6 -(arene) 6 Cl 6 (3-tpt) 2 ] 6þ (arene = p-cymene or hexamethylbenzene), in which the two arene ruthenium 3-tpt panels were linked together in a face-to-face arrangement by chloro bridges. 4 Interestingly, two isomers were found for the p-cymene derivative, while only the 3-fold symmetric isomer was obtained for the hexamethylbenzene analogue ( Figure 1C ).
The difficulty of forming discrete metalla-assemblies with 3-tpt ligands resides in controlling the orientation of the pyridyl groups prior to coordination to the metal centers. As opposed to the 4-tpt isomer, in 3-tpt a rotation by 180°of one of the three C-C triazine-pyridyl bonds reduces the 3-fold symmetry, thus generating atropoisomerism before coordination. As a consequence, the synthesis and characterization of well-defined metalla-assemblies containing the tridentate 3-tpt ligand is difficult and hazardous.
In recent years, we have reported various hexacationic metalla-prisms incorporating the 4-tpt ligands. 5 The ability of these metalla-prisms to permanently encapsulate or to temporarily host aromatic molecules, according to the portal size of the cages, has been demonstrated. 6 However, all attempts to synthesize the equivalent metalla-prisms with 3-tpt instead of 4-tpt using the same synthetic strategy have failed, giving rise to only insoluble materials. We now found that the presence of an appropriate aromatic molecule, which acts as a template during the synthesis of the metalla-prisms, gives in excellent yield the cationic metallaprismatic cations containing the template molecule, plate⊂1b] 6þ . In both systems, the aromatic template is shown to be encapsulated. However, with triphenylene, only one highly symmetrical structure is observed, [triphenylene⊂1a] 6þ . These observations suggest the existence of two isomers of 1, as depicted in Figure 2 , in accordance with the analogous chloro-bridged hexanuclear arene ruthenium prism 6 Cl 6 (3-tpt) 2 ]
6þ . 4 Isomer 1a shows equivalent pyridyl and p-cymene protons, while isomer 1b contains three nonequivalent pyridyl and p-cymene groups. The presence of these two isomers was further confirmed by a range of NMR experiments [one-dimensional (1D), twodimensional, COSY, and ROESY].
In the case of the larger bimetallic clip [Ru 2 (p-cymene) 2 -(dhtq)] 2þ , only one set of signals is observed with all the templates, suggesting the presence of the highly symmetrical isomer. However, with 1,3,5-tribromobenzene, phenanthrene, and pyrene, the encapsulation of the template is not quantitative, the empty metalla-prism [2] 6þ being observed as well by NMR spectroscopy. The relative quantity of the empty prism is dependent on the size of the template: the smaller the template, the greater the quantity of the empty prism. With triphenylene, only the template-containing cage is observed. Obviously, triphenylene fits perfectly in the cavity of 1 and 2, thus generating exclusively the symmetrical isomer [triphenylene⊂1a] 6þ and [triphenylene⊂2] 6þ , in which all segments of the triangular prism are equivalent. The 1 H NMR spectra of the two highly symmetrical systems encapsulating triphenylene are presented in Figure 3 . It is worth noting that an unsymmetrical isomer for 2 is not observed, because of the width of the dhtq bridging ligand that does not allow two bimetallic clips to share the same segment.
The formation of metalla-assemblies Figure S1 of the Supporting Information). Moreover, for the most stable system, the guest molecule is retained inside the cavity under electrospray conditions, thus giving a peak at m/z 1863.17 corresponding to [2 þ triphenylene þ
2þ ( Figure S2 of the Supporting Information). These peaks are unambiguously assigned on the basis of their characteristic Ru 6 isotope patterns. . As an example, the DOSY spectra of [phenanthrene⊂2] 6þ are presented in Figure 4 . This figure clearly shows the encapsulation of phenanthrene in the cavity of [2] 6þ not only from the upfield shift and splitting of the signals but from the diffusion coefficient of the [phenanthrene⊂2] 6þ system that is equivalent to the diffusion coefficient of the empty cage (6.3 Â 10 , CD 3 CN, 25°C). Electronic absorption spectra of [template⊂1] 6þ and [template⊂2] 6þ have been measured in dichloromethane at a concentration of 10 -5 M in the range of 200-800 nm ( Figures 5 and 6 , respectively). The UV-visible spectra of all complexes are characterized by an intense high-energy band centered at 280 nm, which is assigned to a ligandlocalized or intraligand π f π* transition, and a series of broad low-energy bands associated to metal-to-ligand (Figure 7 ). This suggests a rapid encapsulation of the guest and a slow exchange process.
Interestingly, upon gradual addition of triphenylene to a stoichiometric mixture of [1a] 6þ and [1b] 6þ (CD 3 CN, 25°C), encapsulation of triphenylene occurs. Only the signals of cage [1a] 6þ are affected by the addition of triphenylene up to 0.5 equiv of triphenylene added, which corresponds to the complete formation of [triphenylene⊂1a] 6þ (see Figure S20 of the Supporting Information). The 1 H signals of cage [1b] 6þ start to respond to the presence of triphenylene only if more than 0.5 equiv of triphenylene is present. The encapsulation process is fast on the NMR time scale, but the exchange tends toward zero. This has been verified using 1D EXSY experiments, in which no cross-peak is observed after selective inversion of the H δ resonance, even with a 2 s mixing time ( Figure S24 of the Supporting Information). Therefore, during the NMR measurements, the disappearance of the signals of cage [1a] 6þ is accompanied by the emergence of the signals corresponding to [triphenylene⊂1a] , despite the presence of a large portal in [1b] 6þ (segment C, Figure 2 ). In addition, the exchange between triphenylene and [1b] 6þ also tends toward zero at -30°C. This has been verified with a 1D EXSY experiment recorded with a 1 s mixing time, in which no cross-peak is observed after selective inversion of the H δ resonance ( Figure S25 and [triphenylene⊂1b] 6þ to diffuse at the same rate, while the excess of triphenylene that is not encapsulated diffuses more rapidly (see Figure 8) . The strong affinity of [1a] 6þ for triphenylene as compared to that of cage [1b] 6þ is further confirmed by a competition experiment in which 0.5 equiv of pyrene is first introduced into a mixture of [1a] 6þ and [1b] 6þ (CD 3 CN, 25°C). Then, 0.5 equiv of triphenylene is added, and the 1 H NMR spectrum is recorded. Once again, [triphenylene⊂1a] 6þ is exclusively observed, the pyrene molecule being either in the cavity of [1b] 6þ or in solution and the signals of [1b] 6þ being broad ( Figure S20 of the Supporting Information).
Variable-temperature measurements have also been performed ( Figure S21 of the Supporting Information). In these spectra, it can be seen that the 1 H resonances of [triphenylene⊂1b] 6þ are shifted and broadened already at -10°C, indicating that there is an exchange between encapsulated triphenylene and free triphenylene. At 25°C ( Figure S21D of 6þ become broad at -10°C and are not detected starting from a temperature of 10°C. However, as the temperature is increased, the resonances corresponding to triphenylene encapsulated in [1a] 6þ remain sharp and do not show the typical downfield shift indicating an exchange process between encapsulated triphenylene and free triphenylene.
The reason for this high selectivity of cage [1a] 6þ over cage [1b] 6þ for the encapsulation of triphenylene in CD 3 CN is not clear; however, the presence of three different portal sizes in [1b] 6þ is certainly not an advantage as the smallest portal in which two bimetallic clips are facing each other reduces significantly the adaptability of the overall structure to accommodate the guest molecule. Molecular models of metallaprisms [1a] 6þ , [1b] 6þ , and [2] 6þ generated by Chem3D to estimate the portal size of these cages are presented in Figure 9 . In addition, the symmetry of the cage and of the guest is a perfect match for [triphenylene⊂1a] 6þ , while for [triphenylene⊂1b] 6þ , an unsymmetrical system is obtained, in which 12 independent signals are observed for the encapsulated triphenylene molecule. Therefore, to gain further insight into this particular behavior of cages [1a] 6þ and [1b] 6þ , the host-guest properties in solution of these systems along with cage [2] 6þ were studied by NMR spectroscopy.
In this respect, two-dimensional EXSY 1 H NMR spectroscopy 9 proved to be useful 10 for those kind of systems in which exchange is slow on the NMR time scale. For our systems (Scheme 2), however, 1D selective EXSY experiments 11 appear to be more attractive, because the amount of sample available is fairly limited and the aromatic regions in the 1 H spectra are rather crowded. Guest binding induces shifts in several NMR signals from the host and all of those from the guest. Depending on the cages, we chose the H δ protons of tpt to measure association constants, because they underwent large shifts under encapsulation and are well-removed from other signals (see Figure 3) . Figure 10 shows an example of a 1D EXSY spectrum recorded with [phenanthrene⊂1a] 6þ in CD 3 CN and the plot of the diagonal (inverted peak) and cross-peak (EXSY response) intensity as a function of the mixing time (τ m ). In our case, diagonal peaks represent the empty cage, whereas the cross-peak represents the cage in which the guest is encapsulated, or vice versa, depending on how well the signals are removed from other signals. Diagonal peaks, which have a relative amplitude of 0.5(1 þ e -2kτ m )e -τ m /T 1 , represent the nonexchanged magnetization, 12 whereas the cross-peaks, with a relative intensity of 0.5(1 -e -2kτ m )e -τ m /T 1 , represent the exchanging magnetization from the encapsulation process. From these curves, the exchange rate k can be roughly determined. For instance, the curves of the H δ protons of tpt in [phenanthrene⊂1a] 6þ can be fitted with an exchange rate of ∼3 s -1 at -30°C. 6þ . It clearly appears that the portal size strongly influences the adaptability of the overall structure to accommodate the different guests. For instance, [pyrene⊂2] 6þ is in the slow exchange regime at 25°C (k = 0.1 s , because the adaptability of the overall structure to accommodate pyrene is high. As expected, the exchange of pyrene can be moderately accelerated when the measurements are taken at 45°C (k = 0.8 s ). The exchange of pyrene can be significantly accelerated when the measurements are taken at -10°C (k = 2.8 s -1 ). This shows that pyrene can easily leave [1] 6þ , because the larger portal size of [1] 6þ as compared to the portal size of [2] 6þ decreases the adaptability of [1] 6þ to accommodate pyrene. At 25°C, the exchange process of [pyrene⊂1] 6þ is in the intermediate regime, close to the coalescence temperature, because the 1 H spectrum displays broadened resonances and most of the resonances corresponding to the free pyrene and to the encapsulated pyrene as well as to the empty cage and to the cage with pyrene encapsulated merge into one broad "at-topped" resonance.
Likewise, [phenanthrene⊂2] 6þ is in a moderate exchange regime at 25°C (k = 3.0 s -1 ), showing that phenanthrene can relatively easily leave [2] 6þ , because the adaptability of the overall structure to accommodate phenanthrene is lower than with pyrene. Similarly, [phenanthrene⊂1a] 6þ is already in a moderate exchange regime at -30°C (k = 2.6 s -1 ), indicating that phenanthrene can very easily leave [1a] 6þ , because the adaptability of the overall structure to accommodate phenanthrene is correspondingly lower than with pyrene. As expected, at 25°C, the exchange process of [phenanthrene⊂1a] 6þ is in the fast regime, because the 1 H spectrum displays fairly sharp resonances and most of the resonances corresponding to the free phenanthrene and to , respectively, should be observable. In those spectra, however, neither resonances indicating the presence of encapsulated phenanthrene or pyrene in [1b] 6þ nor resonances indicating the presence of [phenanthrene⊂1b] 6þ and [pyrene⊂1b] 6þ could be found ( Figure S29 of the Supporting Information). This corroborates the results for triphenylene, namely a strong preference of phenanthrene and pyrene for the cavity of [1a] 6þ . Because phenanthrene and pyrene are smaller than triphenylene, the portal sizes and the geometry of [1b] 6þ do not allow smaller molecules like phenanthrene or pyrene to remain on the NMR time scale in the cavity of [1b] 6þ for a sufficient amount of time.
In conclusion, a series of cationic arene ruthenium metallaprisms built in the presence of a template from 3-tpt and dinuclear arene ruthenium complexes have been prepared and characterized. The empty cages were isolated by removal of the small template 1,3,5-tribromobenzene, thus allowing the hostguest properties of the complexes to be studied in solution. The estimated equilibrium constants obtained for the different host-guest systems were all consistent with the portal size and structure of the arene ruthenium metalla-prisms. 1 H NMR spectrum of (A) [phenanthrene⊂1a] 6þ and of the corresponding 1D selective EXSY spectrum recorded with a mixing time (τ m ) of 100 ms after selective excitation of the H δ protons of tpt (B) at 9.35 ppm and plots of the diagonal (9) and cross-peak (2) as a function of mixing time (τ m ). The spectra were recorded after addition of 0.5 equiv of phenanthrene. The diagonal peak corresponds to the empty cage, whereas the cross-peak corresponds to the cage with phenanthrene encapsulated. The dashed lines represent the best fit obtained by varying k in the McConnell equations, 12 0.
)e -τm/T1 for diagonal peaks and 0.5(1 -e -2kτ m )e -τ m /T 1 for cross-peaks. The T 1 relaxation times of the diagonal and the cross-peaks have been obtained using a classical inversion recovery experiment and have been incorporated into the equations described above for the fit. (33.0 mg, 0.128 mmol) in MeOH (20 mL), 3-tpt (13.4 mg, 0.043 mmol) , and an aromatic guest molecule [1,3,5-tribromobenzene (7.2 mg, 0.023 mmol) , phenanthrene (4.1 mg, 0.023 mmol), pyrene (4.7 mg, 0.023 mmol), or triphenylene (5.3 mg, 0.023 mmol)] were added. The mixture was stirred at reflux for 24 h and then filtered. The solvent was removed; the dark residue was dissolved in CH 2 Cl 2 (3 mL), and diethyl ether was added to precipitate a dark green solid. The solid was filtered and dried under vacuum.
[ , 43.50; H, 3.25; N, 4.41. Found: C, 43.88; H, 3.51; N, 4.63. [ , 47.74; H, 3.57; N, 4.58. Found: C, 48.01; H, 3.56; N, 4. (3697.5): C, 48.08; H, 3.54; N, 4.55. Found: C, 48.32; H, 3.38; N, 4.85. [ , 48.39; H, 3.57; N, 4.51. Found: C, 48.57; H, 3.63; N, 4.70. [1, 3, H ROESY NMR spectra were recorded on a Bruker AvanceII 400 spectrometer by using the residual protonated solvent as an internal standard. Infrared spectra were recorded as KBr pellets on a Perkin-Elmer FTIR 1720 X spectrometer. Elemental analyses were performed by the Mikroelementarisches Laboratorium, ETH Z€ urich (Z€ urich, Switzerland) . Electrospray ionization mass spectra were recorded in positive-ion mode with a Bruker FTMS 4.7T BioAPEX II mass spectrometer (University of Fribourg, Fribourg, Switzerland). UV-visible absorption spectra were recorded with a Uvikon 930 spectrometer by using precision cells made of quartz (1 cm 
